Microwave resonators with high quality factors have enabled many recent breakthroughs with superconducting qubits and photon detectors, typically operated in shielded environments to reduce the ambient magnetic field. Insufficient shielding or pulsed control fields can introduce vortices, leading to reduced quality factors, although increased pinning can mitigate this effect. A narrow slot etched into the resonator surface provides a straightforward method for pinning enhancement without otherwise affecting the resonator. Resonators patterned with such a slot exhibited over an order of magnitude reduction in the excess loss due to vortices compared with identical resonators from the same film with no slot.
Microwave resonators with high quality factors have enabled many recent breakthroughs with superconducting qubits and photon detectors, typically operated in shielded environments to reduce the ambient magnetic field. Insufficient shielding or pulsed control fields can introduce vortices, leading to reduced quality factors, although increased pinning can mitigate this effect. A narrow slot etched into the resonator surface provides a straightforward method for pinning enhancement without otherwise affecting the resonator. Resonators patterned with such a slot exhibited over an order of magnitude reduction in the excess loss due to vortices compared with identical resonators from the same film with no slot.
Low-loss microwave resonators fabricated from superconducting thin films are playing key roles in many recent low-temperature experiments. Such resonators can be coupled to quantum coherent superconducting devices, or qubits [1] , for explorations of QED with circuits [2, 3] . Furthermore, high-quality factor resonators have enabled the development of Microwave Kinetic Inductance Detectors (MKIDs), highly sensitive photon detectors for astrophysical measurements [4] .
A variety of factors determine the quality factor of these resonators, including dielectric loss in the substrates and thin-film surfaces [5] . If the resonators are not cooled in a sufficiently small ambient magnetic field, or if large pulsed fields are present for operating circuits in the vicinity of the resonators, vortices can become trapped in the resonator traces, thus providing another loss channel. The presence of even a few vortices can substantially reduce the resonator quality factor [6] .
Vortex dynamics at microwave frequencies has been studied for some time both theoretically [7, 8] and experimentally in a variety of superconductors [6, 9, 10, 11, 12] . The response of vortices to an oscillatory Lorentz force is determined primarily by two forces: the viscous force, due to the motion of the vortex core and characterized by a vortex viscosity η; and the pinning forces in the material that impede the vortex motion and, in the simplest case, can be described by a linear spring constant k p . The ratio of the pinning strength to the vortex viscosity, f d = k p /2πη, determines the crossover frequency separating elastic and viscous response of the vortices.
In this letter we demonstrate a technique for patterned pinning on the resonator surface to reduce the excess microwave loss due to trapped vortices. We compare fieldcooled measurements for a series of coplanar waveguide (CPW) resonators patterned from the same thin film of Al, a common material used for qubits and MKIDs. Some of the resonators had a single longitudinal slot partially etched into the surface along the center conductor, while others had no slot. A surface step in a superconductor can pin a vortex because of the line energy variation asso- * bplourde@phy.syr.edu ciated with the change in thickness [13, 14] . Orienting the slot, with its surface steps on either side, along the length of the center conductor of a CPW resonator, aligns the pinning forces from the slot to oppose the Lorentz force due to the microwave current that flows in the resonator. Intuitively, one would expect such a slot to be most effective with a width comparable to the vortex core size, determined by the coherence length, which is of the order of a few hundred nm in these films [6] .
The resonator layout is identical to that in our previous work [6] , with four quarter-wave CPW resonators of lengths corresponding to fundamental resonances near 1.8, 3.3, 6.9, and 11.0 GHz, as calculated with the Sonnet microwave circuit simulation software [15] . These resonators are coupled capacitively to a common CPW feedline, thus allowing for frequency multiplexing [ Fig.  1(a) ] [4, 16] , although we will focus on the resonators near 1.8 GHz in this work. We design for the resonators to be somewhat over-coupled at B = 0, where the intrinsic loss at the measurement temperature (310 mK) is dominated by thermal quasiparticles. This gives us the ability to continue to resolve the resonances with the anticipated enhanced levels of loss once vortices are introduced. A 150 nm-thick Al film was electron-beam evaporated onto on a 2-inch sapphire wafer for patterning into multiple resonator chips with the layout of Fig. 1(a, b) . On three of the dies, slots with a width of 200 nm, along with alignment marks, were patterned using electron-beam lithography and reactive ion etching (RIE) in a combination of BCl 3 , Cl 2 , and CH 4 , with the etch timed to stop at a depth of 90 nm [ Fig. 1(c, d) ]. Three other dies had no slots written on them. The resonators were then patterned photolithographically and aligned to the previously etched slot patterns, followed by a second RIE step that transferred the resonator pattern into the Al film. For the dies with slots, these follow the entire length of each resonator up to the feedline coupling elbow. A slight misalignment during the photolithography step caused all of the resonators to be shifted by 1.5 µm so that the slots are offset from the centerline of each resonator by this amount.
We cool the resonators on a 3 He refrigerator and we measure the complex transmission S 21 through the feedline using a a vector network analyzer (Agilent N5230A). We employ a series of cold attenuators on the input side of the feedline and a cryogenic HEMT amplifier (gain ≈ 38 dB between 0.5 − 11 GHz; T N ≈ 5 K) on the output side. A power of about -90 dBm delivered to the feedline keeps the resonators comfortably in the linear regime. We use a superconducting Helmholtz coil to generate a magnetic field and a µ-metal cylinder attenuates stray fields in the laboratory. For each value of B, we heat the sample above T c to 1.4 K, adjust the current through our Helmholtz coil to the desired value, then cool down to 310 ± 0.2 mK.
In general, the addition of vortices through fieldcooling results in a downward shift in the resonance frequency and a reduction in the quality factor. In Figure  2 we plot |S 21 |(f ) for the resonators near 1.8 GHz, from a chip with no slot [ Fig. 2(a) ] and from a chip with a slot [ Fig. 2(b) ], where both resonators were measured at B = 0 and B = 86 µT. For B = 0, thus, with no vortices present, both resonators have comparable quality factors, determined primarily by the coupling to the feedline. However, the resonators behave quite differently when cooled in the same magnetic field. For the chip with no slot, this results in a substantial broadening and downward frequency shift. In contrast, the res- onator with the slot has only a minimal reduction in its resonance linewidth and a small frequency shift.
We can make a quantitative comparison between the resonators with and without slots by fitting the resonance trajectories in the complex plane to extract the quality factor Q and resonance frequency f 0 for each resonator at the various cooling fields. The fit process was the same as in Ref. [6] , which followed a similar 10-parameter fitting procedure to what has been done for MKID measurements [16] . We define the excess loss in each resonator due to the presence of vortices, 1/Q v (B) = 1/Q(B) − 1/Q(B = 0), thus removing the loss due to thermal quasiparticles, coupling to the feedline, and any other fieldindependent loss mechanisms. In a similar manner, we compute the fractional frequency shift of each resonance,
In Figure 3 we plot 1/Q v (B) and δf /f 0 (B) for the resonators near 1.8 GHz with and without a slot. Error bars from the fitting process are included, but in most cases are too small to be seen. Above a certain onset cooling field of ∼25 µT, both 1/Q v and δf /f 0 increase with B for both resonators, however, for the resonator with a slot, these quantities are much lower than in the resonator without a slot. Viewing the data on a logarithmic scale emphasizes the effect of the slot: a reduction in 1/Q v by a factor between 10-20 over almost the entire measured field range relative to the resonator without a slot [ Fig. 3(c) ]. The slot also reduces δf /f 0 (B), although by a smaller factor [ Fig. 3(d)] .
We note that a comparison of the data in Figure 3 for the resonator with no slot with our earlier measurements in Al films from Ref. [6] indicates a smaller 1/Q v in the more recent resonators without slots by a factor of ∼ 0.5. While both resonators had the same layout with a similar fabrication process, the Al film from Ref. [6] had a RRR of 10, while the Al film in the resonators described in this work had a RRR of 19. This turns out to be the two extremes of RRR that we have observed from a series of deposited Al films on sapphire in our evaporator. It appears that the resulting variation in the mean free path affects the loss contributed by a vortex. We are currently investigating this effect in more detail. Nonetheless, we emphasize that all of the resonators presented in this work, both with and without slots, were fabricated simultaneously from a single Al film. Furthermore, in separate cooldowns we have measured two more chips from this wafer, one with a slot and one without, and obtained quite similar results to Figs. 2, 3 . Thus, the differences in vortex response that we observe here are due solely to the presence of the slot in the resonator.
Vortex distributions in superconducting strips cooled in perpendicular magnetic fields have been studied theoretically [17, 18, 19, 20] using energetic considerations of the interaction between the vortices and screening currents in the strip. This leads to a prediction of a threshold cooling field, below which the strip remains flux free. Beyond the threshold field, the vortex density in the strip increases with B, with vortices initially trapped in a single row along the strip centerline. For larger B, the vortex distribution evolves into progressively more parallel rows [20] . These predictions have been confirmed experimentally through vortex imaging [21, 22] , and are also consistent with microwave resonator measurements [6] . Thus, for our resonators, both with and without a slot, we expect the initial trapped vortices to be located near the centerline of the resonator. On the resonators with a slot, these initial vortices are almost certainly located in the slot [ Fig. 3(a) inset] , where the vortex line energy is reduced, despite the slight misalignment of the slot. At some threshold field, when the vortex density in the slot becomes too large, vortices will begin to get trapped outside of the slot [ Fig. 3(b) inset], and thus contribute greater loss because of the weaker pinning there. In Fig.  3(c) , we observe a kink in 1/Q v near 80 µT for the resonator with a slot, above which the loss increases more rapidly. This kink, which would correspond to a vortex spacing of about 2 µm for a single row of vortices in the slot, may indicate such a threshold. Further reduction of 1/Q v at larger B may be possible by patterning multiple parallel slots.
Although we have focused our comparison here on the resonators near 1.8 GHz, we have observed reductions in 1/Q v between the higher frequency resonators with and without slots by factors of ∼8, 6, and 3 for the resonators near 3.3, 6.9, and 11.0 GHz, respectively. For a particular level of enhanced pinning, the loss will be larger as the frequency increases towards f d . With no slot, 1/Q v can actually decrease with frequency [6] , such that the reduction of 1/Q v for a resonator with a slot compared to one with no slot will be less substantial at higher frequencies.
Based on our measurements here and in Ref. [6] , the presence of even a small number of vortices has a significant influence on the resonator quality factor. A single narrow slot along the centerline of an Al CPW resonator provides a straightforward method to increase the pinning and reduce the loss from vortices by over an order of magnitude.
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